Abstract
Anisotropies in electronic transportations conventionally originate from the nature of low symmetries in crystal structures, and were not anticipated for perovskite oxides, the crystal asymmetricity of which is far below, e.g. van Anisotropic material properties are usually observed in crystal structures at a low symmetry, such as graphene/CNT-based composites [1] , layer-structured van der Waals crystals [2, 3] and topological semiconductors [4] [5] [6] . In contrast to these layer-structured materials, perovskite structured oxides (ABO 3 ) exhibit a higher symmetry in crystal structures, and thereby the anisotropy for ABO 3 is not expected as a critical issue in their electrical transportations and applications. Nevertheless, distinguished features for typical transition metal perovskite oxides, beyond conventional semiconductors, are associated to their more complicated orbital configurations and unneglectable inter-band Coulomb interactions [7] [8] [9] [10] . The resultant electron-electron and/or electron-phonon coupling within condensed matters enriches additional transportation characteristics, such as metal to insulator transitions (MIT) [7] , high-T C superconductance [8] , bad metal [9] and thermistor transports [10] . It is worthy to note that in contrast to conventional carrier conductions, the Coulomb coupling of the carrier transportation with either the orbital bands or phonons at an electron more localized manner should be directional even for more symmetric crystal structures [11] [12] [13] [14] . It raises a fundamental open question within condensed matter physics:
Whether there are any anisotropic transportation behaviors, either intrinsically exist or can be artificially established, within the electron correlated perovskite oxides?
The rare-earth nickelates (ReNiO 3 ) is a representative material family of d-band correlation perovskite oxides, known for their extremely complex electronic phase diagram and widely adjustable MIT transportations [9] [10] [11] [12] [13] [14] . Below their transition temperature (T MIT ), energy band gaps are splitted from hybridized Ni-3d and O-2p orbitals, and their orbital configurations are highly susceptible to the construction of NiO 6 octahedron. As a result, the electronic transportation is widely regulatable for the insulating phase of ReNiO 3 , by simply regulating the rare-earth composition [10, 11] , temperature [10] [11] [12] [13] , strain-induced lattice distortions [11] [12] [13] [14] or electronic polarizations [15] . It is worth noticing that carrier transportation within the insulating phase of ReNiO 3 follows a hopping principle along the head-to-head oriented O-2p and Ni-3d orbitals within the network of inter-linked NiO 6 octahedrons [11] . If such transport can be spatially confined within two or lower dimension, the anisotropy in the correlated transportation properties will be unveiled owning to the intrinsic anisotropy in the orbital configurations within a single crystalline ReNiO 3 . This is expected to bring in a new freedom in regulating correlated transportation properties of ReNiO 3 thin films via controlling preferential orientations under the dimension confinement. As a result, the adjustability in achievable MIT or thermistor transportation properties of ReNiO 3 will be broadened, and it will further benefits their potential device applications in various aspects, such as correlated field emission transistor [15] , fuel cells [16] , thermistor [10] , micro-current sensor [17] , bio-sensors [18] , and neuron-spin logical devices [19] .
In this work, we demonstrate unexpected anisotropies in the correlated and (111) at a thickness of 10-20 nm, according to ref. [10] . Taking SmNiO 3 (a= 5.43 Å, b= 7.57 Å, c= 5.34 Å) as an example, the (a 2 +c 2 ) 1/2 /2 and c/2 of SNO (3.8 Å and 3.78 Å) is similar to the lattice constant of LaAlO 3 (a 1 = a 2 = a 3 = 3.78 Å). As a result, the thermodynamically metastable SNO can heterogeneous nuclei and co-lattice grow on the lattice template of LaAlO 3 planes [10] . Figure 1a [9] [10] [11] [12] 20] . Therefore, an anisotropic transportation behavior is expected by confining carrier transports within the in-plane directions. Figure S2 (supporting information).
Anisotropies in correlated transportations of
In Figure 2b , the presently observed T MIT and variation in the resistivity, i.e., as evaluated by R 50°C /R 160°C , for SNO grown on LAO and STO at (001), (110) and (111) directions with the ones reported previously are further compared. It can be seen that the SNO/LAO(110) sample achieves the highest T MIT and largest R 50°C /R 160°C compared to previously reported ones [10, [21] [22] [23] [24] . This result breaks the conventional understandings of ReNiO 3 that imparting biaxial compressive interfacial strain should reduce T MIT , while in contrast the T MIT observed for the compressively strained SNO/LAO(110) largely exceeds the one achieved in SNO/STO(110). In addition, it is also interesting to note that despite the elevation in its T MIT , the transition sharpness and variation in the resistivity during MIT for SNO/LAO(110) also exceed the ones achieved SNO/LAO(001) and SNO/LAO(111). This observation contradicts the conventional expectations for ReNiO 3 that the elevation in T MIT should reduce the transition sharpness and variation in the resistivity across MIT [10] [11] [12] [13] [14] [20] [21] [22] . More interestingly, the T MIT observed for the bi-axial compressively strained SNO/LAO (110) is higher than the strain relaxed SNO/STO(110), and this also differs from the previous observations that the strained SNO/LAO(001) should exhibit a lower T MIT than the strain relaxed SNO/STO(001) [10, 11, 20, 23, 25] . The above results indicate the orientation-dependent orbital re-configurations via imparting asymmetric bi-axial distortions, which is more complicated than the previous understanding for SNO only grown on the STO or LAO at (001) orientations.
Further consistency observed from the temperature dependences of the thermopower for as-grown SNO/LAO(001), SNO/LAO(110) and SNO/LAO(111) is demonstrated in Figure 2c . A negative temperature dependence was observed for the thermopower with an elevated temperature, which is in agreement to their enhanced electrical conductions within the insulating phase of SNO by elevating the temperature towards the metallic phase. It is also interesting to note that a larger magnitude of thermopower was observed for the insulating phase of SNO/LAO(110), followed by SNO/LAO(111) and the smallest for SNO/LAO(001) at the same temperature. In contrast, a similar small magnitude of thermopower (25 μV K -1 ) was observed for the metallic phase of these differently oriented samples.
To better investigate anisotropic transportation properties of the insulating phase of ReNiO 3 , the low temperature range for SNO grown on three different oriented LAO and STO substrates are compared in Figure 2d and Figure S3 (supporting information), respectively. In general, a more significant temperature induced variation in the resistivity was observed for SNO epitaxy on the (110) oriented substrate compared to the (001) oriented one, no matter whether the interfacial strain is preserved or not, i.e. the case for LAO or relaxed, i.e. the case for STO. This is more clearly demonstrated by their respective TCR-T tendencies compared in Figure   2e , where a large magnitude of TCR over 2% K -1 across the entire range of temperature from 100-300 K was observed for SNO/LAO(001) and SNO/STO(001).
Such performance achieved in SNO epitaxy on the (110) oriented substrate benefits more for the practical thermistor applications at low temperature ranges, compared to the one achieved in other oriented samples [10] . In Figure 2f value (B=-T 2 TCR) that evaluates the performance of the negative TCR thermistor [26] , and it can be seen that the SNO/LAO(110) sample exhibits a better thermistor performance across a broad-temperature range compared to the previous reports for SNO [10, [21] [22] [23] [24] [25] .
Anisotropies in correlated transportation properties, such as the metal to insulator transition and thermistor transportation were also observed in other rare-earth nickelates, as shown in Figure S3 (supporting information) for ENO/LAO and Figure   3a for NNO/LAO. It is worthy to note that the lattice of ReNiO 3 is in-plane locked when epitaxy on the LAO substrate, as indicated by the reciprocal space mapping shown in Figure 3b and XRD patterns of NNO/LAO as show Figure S4 (supporting information, where the same in-plane lattice vectors associated to the thin film and substrate were observed. It results in biaxial in-plane compressive distortion of ReNiO 3 and the respective cross-plane transverse expansion. This is in contrast to the situation when depositing ReNiO 3 on STO, in which case the interfacial strain is completely relaxed, owning to a larger lattice mismatch between the thin film and substrate [10] .
A closer comparison in the R-T tendencies of SNO/LAO as shown in Figure 2a or NNO/LAO as shown in Figure 3a Figure 3c and 3d for O-K edge and Ni-L 3 edge, respectively. In general, a more significant variation in the NEXAF spectrums between the (110) and (001) orientations were observed for SNO at the insulating phase, as compared to NNO at the metallic phase. In addition, as indicated by its larger resistivity and thermopower at the room temperature, the SNO/LAO(110) should exhibit a more strengthened insulating phase as compared to SNO/LAO(001). Nevertheless, it is interesting to note that relative intensities of the pre-peak (A) in the O-K edge and the peak (B) in the Ni-L 3 edge are both higher for SNO/LAO(110) compared to SNO(001), while their positions are shifted towards a slightly higher photon energy. These variations differ from tendencies observed previously when varying the rare-earth composition or imparting interfacial strains upon ReNiO 3 grown on STO or LAO at the (001) orientation [10] . It indicates the variations in the electronic structure of the insulating phase of ReNiO 3 when imparting a similar magnitude of biaxial compressive distortion along the their [010] and [001] lattice-planes, owning to the following two reasons. Firstly, ReNiO 3 exhibits a lower symmetry in the crystal structure compared to LaAlO 3 . Secondly, the Poisson's ratio of perovskite oxides is expected to be anisotropic owning to the variations in the sheet atomic density at different orientations. In particular, an abnormal Poisson's ratio was reported for several perovskite oxides when the lattice distortion was imparted along the (110) direction [27, 28] .
Integrating the above demonstrations, it is worthy to note that the anisotropy achieved in the metal to insulator transition is associated to the extrinsic causes, such as anisotropic in-plane or transverse cross-plane lattice distortions. As illustrated in Figure 4a , the metal to insulator transition of ReNiO 3 is associated to the abrupt orbital transition from Ni 3+ to Ni 3±Δ as driven by the Coulomb energy [11, 12, 20] that is expected to be isotropic at the pristine stable (and/or metastable) state, as for the case of SNO/STO. Nevertheless, the extrinsic anisotropy is expected to be triggered via imparting bi-axial in-plane distortions upon various lattice planes that result in anisotropic lattice distortions.
In contrast, the anisotropy observed for the thermistor transportations within the insulating phase of ReNiO 3 is an intrinsic behavior, as different tendencies of R-T (see Figure S5 , supporting information) and TCR-T (see Figure 2e ) observed for the both the stained and strain-relaxed ReNiO 3 thin films. The thermistor transportation within the insulating phase of ReNiO 3 is described as R (T) =R 0 exp[E a (k B T) -1 ], where the E a and k B represent the activation energy and Boltzmann constant, respectively [10, 26] . In Figure 4c , the temperature dependences of E a are compared for SNO grown on STO and LAO substrates with orientations of (001), (110) and (111). It indicates a temperature dependence of E a =AT α +B, where the magnitude of α is estimated to be 0.6, 1.9, and 0.9 for SNO/STO(001), SNO/STO(110) and SNO/STO(111), respectively.
In contrast to conventional semiconductors, the electronic transportation within the insulating phase of ReNiO 3 is associated to the carrier hopping among the NiO 6 octahedron [11, 20] . As compared to conventional semiconductors exhibiting a relatively constant band gap (see their R-T tendency as shown Figure S6 , supporting information), the energy barrier impeding the carrier hopping among the NiO 6 octahedrons within the insulating phase of ReNiO 3 is temperature dependent [10] . The ) 0.7 (LSAT) at various orientations of (001), (110) and (111). The thin film growth strategy was previously reported in our previous work [10] . In brief, chemical precursors of Re(NO 3 ) 3 and Ni(CH 3 COOH) 2 were mixed at stoichiometric ratio, and dissolved in ethylene glycol monomethyl ether (EGME). The chemical solution was spin coated on the surface of perovskite substrates, dried and annealed at high oxygen pressures from 15 to 20 MPa, and 800 °C.
Figures and captions

Characterizations:
The temperature dependences of the resistivity (R-T) of as-grown thin films were measured by a CTA-system in the temperature range above room temperature, while the R-T tendency below room temperature was characterized by using a PPMS system (Quantum Design). The crystal structure along the cross-plane direction was measured by a conventional θ-2θ scan of X-ray diffractions, while the in-plane lattice structure was measured by reciprocal space mapping (RSM). The cross-section morphologies of the films were characterized by high-angle annular dark-field (HAADF) and annular bright-field (ABF) scanning transmission electron microscopy (STEM), on JEM-ARM 200F TEM operated at 200 kV with a cold field emission gun and aberration correctors for both probe-forming and imaging lenses. The near edge X-ray absorption fine structure (NEXAFS) at Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China. 
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